Introduction
SYNGAP1 is a synaptic RAS-GTPase Activating Protein (SYNGAP1), which acts downstream of N-Methyl D-Aspartate Receptors (NMDAR), and negatively regulates RAS GTPase (Kim et al., 1998; Komiyama et al., 2002) . NMDAR activation leads to phosphorylation of SYNGAP1 by Ca 2+ /Calmodulin-dependent Kinase II (CAMKII) (Krapivinsky et al., 2004) . Phosphorylated SYNGAP1 is rapidly dispersed from dendritic spine to dendritic shaft leading to activation of its downstream molecules in dendritic spines (Araki et al., 2015) . Removal of SYNGAP1 from spine leads to increased activity of ERK via RAS (Rumbaugh et al., 2006) , which further allows insertion of α-amino 3-hydroxy 5-methyl 4-4 isoxazolepropionic acid Receptors (AMPAR) on the post-synaptic membrane (Zhu et al., 2002 ).
Using mouse model, studies have shown that Syngap1 +/-causes early maturation of dendritic spines in the Hippocampus (Clement et al., 2012) and altered critical period of development in Barrel cortex (Clement et al., 2013) . Furthermore, these studies have shown altered excitatory synapaptic activity and increased AMPA/NMDA during Post-Natal Day (PND)14-16 in the hippocampus of Syngap1 +/-mice. Consistent with its molecular function, studies from human patients have shown that loss of function mutations in SYNGAP1 results in Intellectual Disability (ID) and epileptic phenotype (Hamdan et al., 2009; Hamdan et al., 2011; Rauch et al., 2012) . All these studies suggest that SYNGAP1 is crucial for the development of excitatory circuit during a critical period of development (Jeyabalan and Clement, 2016) .
Recent studies using Syngap1 +/-mice and Syngap1 knock-down in rat cultured cortical neurons demonstrated increased levels of basal protein synthesis in Syngap1 +/-as compared to Wildtype (Wang et al., 2013; Barnes et al., 2015) . The study also suggested that SYNGAP1 modulates insertion of AMPARs at the post-synaptic membrane, thereby regulating synaptic plasticity through protein synthesis (Wang et al., 2013) . However, the molecular mechanisms of SYNGAP1-mediated regulation of protein synthesis, particularly during development, are unclear.
In order to regulate synaptic protein synthesis, SYNGAP1 may crosstalk with other translation regulators. One such potential candidate to consider is FMRP. Similar to Syngap1 +/-mice, Fmr1
knock-out results in exaggerated levels of basal protein synthesis and altered dendritic spine structure and function (Huber et al., 2002) . Additionally, a recent report showed exaggerated 5 protein synthesis-independent mGluR-LTD in Syngap1 +/- (Barnes et al., 2015) , which is also a hallmark phenotype of FMRP associated synaptic deficit (Huber et al., 2002 Inhibitor cocktail (P5726, Sigma). All reagents were dissolved in Diethylpyrocarbonate (DEPC, D5758, Sigma) treated autoclaved water. Samples were aliquoted into two equal parts.
Both the parts are treated with translation inhibitor like Cycloheximide (CHX, 10µg/ml, C7698, Sigma), and Puromycin (1mM, P9620, Sigma) respectively. After CHX and Puromycin addition, the lysates were kept at 37 ⁰C for 30 minutes and centrifuged at 4⁰C for 30 minutes at 18213g. The supernatant was further loaded carefully on the sucrose gradient prepared in polysome tubes.
Sucrose (84097, SIGMA) gradient tubes were prepared 1-day before the day of the experiment.
15% to 60% gradients were made, and stored at -80 ⁰C. The samples (supernatants) were added to each polysome tubes (331372, BECKMAN COULTER) slowly, and ultra-centrifuged Fraction collector instrument (from TELEDYNE ISCO at NCBS). Fractions were collected at A254 spectra. The bottom of the tube was pierced using needle syringe attached to a pipe 9 holding 60% sucrose. Addition of 60% sucrose from the bottom created a positive pressure, which pushed the fractions to come out from the top of the polysome tube. Then, the fractions were collected in 1.5 ml tubes. Total of 11 fractions was collected from each tube, and these fractions were treated with SDS loading dye containing β-Mercaptoethanol (MB041, HIMEDIA). SDS-PAGE was done for these fractions and immunoblotted for RPLP0 protein.
Synaptoneurosome preparation and NMDA stimulation: The Hippocampus were dissected out as described earlier.
Mouse hippocampus was homogenised in 1000 µl of Synaptoneurosome buffer containing NaCl (116.5mM, S6191, Sigma), KCl (5mM, P5405, Sigma), MgSO4 (1.2mM, M7506, Sigma), CaCl2 (2.5mM, C5670, Sigma), KH2PO4 (1.53mM, GRM1188, HIMEDIA), Glucose (3.83%, G8270, Sigma), 1X Protease Inhibitor Cocktail (P5726, Sigma). Homogenate was filtered through 3, 100 µm filter (NY1H02500, Merck Millipore), then through 11 µm filter once (NY1102500, Merck Millipore). The filtrate obtained was centrifuged at 1500g for 15 minutes at 4⁰C. Pellet was resuspended in 1 ml Synaptoneurosome buffer. NMDA receptor stimulation was done by applying NMDA (40 µM, M3262, Sigma) for 1-minute and 2-minute respectively at 37⁰C at 350 RPM. After stimulation, the synaptoneurosome was centrifuged at 11000 RPM for 21 Seconds, and the pellet was resuspended in Lysis buffer followed by centrifugation at 18213g at 4⁰C for 30 minutes. The supernatant was taken and denatured with SDS and β-Mercaptoethanol (MB041, HIMEDIA)
containing denaturing dye and western blot was done.
RNA extraction and qPCR: Total RNA was extracted from the polysome fractions by Trizol (15596026, Thermofisher Scientific) method and the mRNAs were reverse transcribed to cDNA using iScript cDNA synthesis kit (1708891, Bio-Rad). qPCR was performed for Syngap1, Fmr1, and β-actin (Primers were designed and obtained from Sigma) using CFX384
Real-Time System from Bio-Rad. SYBR green was obtained from Bio-Rad (1725122 
Results

Reduced FMRP level during development in Syngap1 +/-
Studies have shown that Group I mGluR and NMDA receptors interact via Homer-Shank that may regulate protein synthesis (Tu et al., 1999; Bertaso et al., 2010 Figure 1A ). Figure 1D (Genotype: p<0.0001). Upon further analysis, we found that SYNGAP1 level was increased during PND21-23 (1.12±0.09) compared to PND14-16 in Syngap1 +/-(0.83±0.05; p=0.0236; Figure 1E ). In contrast, the level of SYNGAP1 was not altered significantly between PND21-23 (1.82±0.06) and PND14-16 (1.33±0.08) in Wild-type mice (p=0.0863; Figure 1E ).
This result suggests that mGluR-LTD in
FMRP interacts with Syngap1 mRNA in the hippocampus
FMRP is a known regulator of synaptic translation (Osterweil et al., 2010) . A previous study using High Throughput sequencing of RNA isolated by Crosslinking Immunoprecipitation (HITS-CLIP) has reported that one of the FMRP targets is Syngap1 mRNA (Darnell & Klann, 2013) . G-quadruplexes are one of the structures present in RNA which can be recognised by FMRP (Darnell et al., 2001) . To test whether Syngap1 mRNA harbours signatures of being targetted by FMRP, we did bioinformatics analysis using Quadraplex forming G-Rich Sequences (QGRS) Mapper that predicted the presence of multiple G-quadruplexes structures with high G-Score in Syngap1 mRNA (Figure 1-1A) . In addition, G-quadruplex forming residues were found to be conserved among mice, rat, and human Syngap1 mRNA (Figure 1-1B Figure 1F ). PSD-95 mRNA, a known FMRP target mRNA (Muddashetty et al., 2011) showed a significant 3.5-fold enrichment compared to β-actin mRNA (p=0.0001; 3.59±0.07; Figure 1F ) which we used as a positive control. These results demonstrate that FMRP interacts with Syngap1 mRNA.
Syngap1 mRNA translation is differentially regulated in Syngap1 +/-
To further understand the increase in SYNGAP1 levels during PND21-23 compared to PND14-
, we analysed Syngap1 mRNA translation status at PND14-16 and PND21-13.
We studied translation by Polysome profile (Figure 2A) , from hippocampal lysates of Wildtype and Syngap1 +/-mice at PND14-16 and PND21-23 (Muddashetty et al., 2007) . Figure 2B demonstrates that the A254 traces from cycloheximide-treated hippocampal lysate showed the distinct peaks which correspond to mRNP, monosome and polysomes respectively. Further, immunoblots for Ribosomal large subunit protein, RPLP0, has shown a shift in puromycin treated sample as puromycin disassemble the ribosome from translating mRNA (Figure 2B ), along with a shift in β-actin mRNA (Figure 2-1A) . In our experiments, fraction numbers 1 to 6 and 7 to 11 were considered as non-translating fractions and translating fractions or polysome (puromycin-sensitive) respectively (Figure 2-1A, 2-1B (Figure 3-1A, 3-1B) .
Our previous result showed reduced FMRP level during PND21-23 in Syngap1 +/-as compared to its Wild-type counterpart ( Figure 1C) (Figure 4-1A) . As a proof of principle, we demonstrated that NMDAR stimulation of synaptoneurosomes from Wild-type mice showed ~1.5-fold increase in phospho/total-eEF2 after 1-minute of stimulation (Basal=0.84±0.11; Stimulated=1.3±0.12; p=0.0376; Figure 4A ). Figure 4C ). The similar phenomenon was observed on 2-minute stimulation of NMDA (Figure 4-1B, 4-1C) This suggests that the NMDAR-mediated translation upon NMDAR activation at PND21-23 in Syngap1 +/-returned to the level comparable to that of Wild-type.
Discussion
Many synaptic plasticity mechanisms are dependent on activity mediated local protein synthesis in neurons (Klann et al., 2004; Pfeiffer and Huber, 2006) . Protein synthesis is regulated stringently at the synapse. One such crucial regulator of synaptic protein synthesis is FMRP, which is encoded by FMR1 gene, the absence of which leads to Fragile X Syndrome, a monogenic cause of ID similar to SYNGAP1 +/- (Garber et al., 2008; Hamdan et al., 2009 ).
Our observation of enhanced mGluR-LTD in the CA1 hippocampal region of Syngap1 +/-is in line with the previous observation of enhanced basal protein synthesis in the heterozygous loss of Syngap1 prompted us to investigate the role of FMRP in the pathophysiology of Syngap1 +/-mutation (Wang et al., 2013; Barnes et al., 2015) . Till date, only one study reports relationships between SYNGAP1 and FMRP (Barnes et al., 2015) . The authors proposed that FMRP and SYNGAP1 leads to opposite effects on synapse development, with FMRP deficits resulting in delayed synaptic maturation, and SYNGAP1 haploinsufficiency causing accelerated maturation of dendritic spines. Following this, Barnes et al. crossed Fmr1 -/Y with Syngap1 +/-but failed to rescue the electrophysiological deficit observed in Syngap1 +/- (Barnes et al., 2015) . This indicates that chronic depletion of these genes may not be an effective measure to rescue the pathophysiology observed in Syngap1
, as both these genes are important for normal brain development. Since SYNGAP1 is known to regulate synaptic maturation during a specific developmental window (Clement et al., 2012; Clement et al., 2013) (Komiyama et al., 2002; Rumbaugh et al., 2006; Carlisle et al., 2008) . These studies have further shown that SYNGAP1 associates with NR2B (Rockliffe and Gawler, 2006) and negatively regulates NMDA receptor-mediated ERK activation (Kim et al., 2005) and, hence, regulates insertion of AMPAR in the post-synaptic membrane (Rumbaugh et al., 2006) . In line with this, studies have demonstrated increased basal levels of ERK phosphorylation in Syngap1 +/- (Komiyama et al., 2002) which does not explain the deficits observed in NMDAR-LTP in Syngap1 +/-mice as NMDAR stimulation resulted in a robust increase in ERK activation in slices from Syngap1 +/-mice (Komiyama et al., 2002) . Thus, to understand the deficits seen in NMDAR-mediated signalling in Syngap1 +/-mice, we studied NMDAR-mediated translation repression. It has already been reported that NMDAR activation causes a reduction in global translation through phosphorylation of eEF2 (Scheetz et al., 2000) . In our study, we measured the basal levels of phosphorylated eEF2 in hippocampal synaptoneurosomes from Wild-type and Syngap1 +/-at PND14-16 and PND21-23 which showed increased phosphorylation of eEF2
at the basal condition in Syngap1 +/-in these age groups. This increase in the basal level of phosphorylation of eEF2 could be due to enhanced excitatory neuronal activity in Syngap1 +/-which might lead to an increase in Ca 2+ levels and a subsequent increase in eEF2 phosphorylation via Ca 2+ -Calmodulin kinase. We report that, at PND14-16, NMDAR activation fails to cause eEF2 phosphorylation in Syngap1 +/-animals. Strikingly, at 3-week of age, even though we observed an increased level of basal phospho/total-eEF2 in Syngap1 +/-synaptoneurosomes, NMDAR-mediated increase in eEF2 phosphorylation was similar to
Wild-type ( Figure 4C ). This observation suggests that NMDAR-mediated translation response at PND21-23 in Syngap1 +/-is restored. This change observed in 3-week old mice could be due to a compensatory mechanism through increased NMDAR signalling. These findings further corroborate with the observations made by Clement et al. in which they have demonstrated increased synaptic transmission and increased AMPA/NMDA in PND14 but returns to normal level in the later age (Clement et al., 2012) . Based on our findings, we propose a model in which increased NMDAR-mediated protein synthesis is compensating for the loss of SYNGAP1 during development in Syngap1 +/-( Figure 5 ). We further propose that fine-tuned downregulation of Fmr1 translation during a specific developmental window in Syngap1 +/-mice might compensate for the dysregulation in NMDAR-mediated signalling.
In conclusion, our study suggests that altered response to activity mediated protein synthesis during development is one of the major causes of abnormal neuronal function in Syngap1
However, chronic depletion of two genes with common core pathophysiology may not be an effective measure to rescue the deficits observed in either of these mutations, 
